Introduction
Anemia is commonly associated with fatigue, poor quality of life and increased mortality, and also with human immunodeficiency virus (HIV) infection (Moore, 1999; Semba & Gray, 2001) . Anemia is highly prevalent among HIV-infected adults with pulmonary tuberculosis and can be relatively severe (Sacks & Pendle, 1998; Hane et al, 1999; Karyadi et al, 2000; Semba & Gray, 2001; Shah et al, 2001; Lettow van et al, 2003) . The pathogenesis of anemia associated with pulmonary tuberculosis has not been well characterized, especially in sub-Saharan Africa where there are the greatest number of cases of HIV infection and pulmonary tuberculosis (Frieden et al, 2003) .
The etiology of anemia during tuberculosis and HIV infection is thought to be multifactorial. Although the anemia of infection, a subset of the anemia of chronic disease (Means, 2000) , may account for a large part of the anemia found in pulmonary tuberculosis, iron deficiency (Semba & Gray, 2001; Yip, 2001; Moyle, 2002) , poor antioxidant status (Semba & Gray, 2001) , and vitamin A deficiency (Moore, 1999; Semba & Bloem, 2002) may potentially contribute to the anemia. A blunted response of erythropoietin to anemia may occur in the anemia of infection (Means, 2000) and has been described in HIVinfected adults (Spivak et al, 1989; Camocho et al, 1992) and children (Totin et al, 2002) . Interleukin-6 (IL-6), a proinflammatory cytokine, is a marker for the severity of infection (Wakefield et al, 1998) and has been shown to modulate the anemia of chronic disease (Feelders et al, 1998) .
The purpose of this study was to characterize the antioxidant micronutrient status, IL-6 concentrations, and HIV load in relationship with anemia in adults with pulmonary tuberculosis. We hypothesized that poor antioxidant micronutrient status is associated with anemia in HIV-infected and uninfected adults with pulmonary tuberculosis and that the response of erythropoietin to anemia is blunted among those with high levels of inflammation, characterized by elevated plasma IL-6 concentrations. To test these hypotheses, we measured erythropoietin, IL-6, plasma HIV load, and markers of micronutrient status, such as hemoglobin (HB) and plasma concentrations of retinol, atocopherol, carotenoids, ferritin, zinc, and selenium.
Subjects and methods

Study setting and population
The study population consisted of 500 adults who presented with new sputum-positive pulmonary tuberculosis in Zomba Central Hospital between July 1999 and September 2001. Subjects were offered HIV testing and were screened for HIV antibodies after signing a written informed consent form. All subjects were given appropriate pre-and post-test HIV counselling. Subjects received standard short-course chemotherapy for tuberculosis as per guidelines of the Manual of National Tuberculosis Programme of Malawi (Manual NTCP, 1999) . Adults with a previous history of treated pulmonary tuberculosis were excluded. Three sputum samples from each subject were examined with Auramine-O dark-fluorescent staining method. Sputum-positive pulmonary tuberculosis was considered proven when at least one out of three sputum stains showed acid-fast bacilli. HIV infection was diagnosed on the basis of a positive rapid test (Determine 1/2 Rapid test by Abbott, Abbott Laboratories, Johannesburg, South Africa) and confirmed by a positive enzyme-linked immunosorbent assay for HIV-1 antibodies (Wellcozyme; Wellcome Diagnostics, Dartford, Kent, UK).
Anthropometry and laboratory measurements
Body weight was determined to the nearest 0.1 kg using an adult balance (Seca 700 balance, Seca Corporation, Hanover, MD, USA), which was attuned systematically and standing height was determined to the nearest cm. Body mass index (BMI, wt/ht 2 )o18.5 was considered consistent with wasting (Heymsfield et al, 1994) .
Blood samples were obtained by venipuncture (Sarstedt Monovette, Newton, NC, USA). Hb concentrations were measured using a hemoglobinometer (HemoCue Inc, Mission Viejo, CA, USA). Aliquots of plasma were made in trace element-free cryovials, and samples were stored in liquid nitrogen. Plasma samples were kept in liquid nitrogen or at -701C until the time of laboratory analyses. Plasma HIV load was measured using quantitative HIV-1 RNA PCR (Roche Amplicor Monitor, version 1.5, Branchburg, NJ, USA) with a sensitivity limit of 400 HIV RNA copies ml. Concentrations of a-carotene, b-carotene, b-cryptoxanthin, lycopene, lutein, zeaxanthin, retinol, and a-tocopherol were measured in 100 ml of plasma by highperformance liquid chromatography using a modified method from the Nutrition Laboratory, Inorganic Toxicology and Nutrition Branch Division of Laboratory Sciences, National Center of Environmental Health, Centers of Disease Control and Prevention (Sowell et al, 1994; Semba et al, 2003) . Quality control was assessed by repeated analysis of pooled human plasma controls run at the beginning and the end of each analysis. Standard curves were run periodically using standard reference material 986C (National Institute of Standards and Technology, Gaithersburg, MD, USA).
Plasma trace element concentrations were measured using a Perkin-Elmer model Analyst 600 atomic absorption spectrometer equipped with Zeeman background correction, a THGA graphite furnace, and an AS800 auto sampler (Perkin-Elmer Corp., Norwalk, CT, USA). For both selenium and zinc, two pooled human plasma controls, which were run at the beginning and end of each batch of samples, as well as 'Seronorm' Trace Elements Serum (Accurate Chemical and Scientific Corp., Westbury, NY, USA), which was run periodically throughout the analysis, were used to determine within-and between-run CV. Throughout all analyses, the plasma samples were run in a masked fashion. Due to the unavailability of some sample aliquots, plasma erythropoietin, ferritin, IL-6, zinc, and HIV load could not be measured in 2, 1, 1, 1, and 16 samples, respectively.
Statistical analysis
Anemia was defined as Hb concentrations o120 g/l for females and o130 g/l for males, as per convention (Yip, 2001 ). Moderate to severe anemia was defined as Hb Anemia in pulmonary tuberculosis M van Lettow et al concentrations o80 g/l for both sexes according to the AIDS Clinical Trials Group classification (Safrin et al, 1996) . Iron deficiency was defined as plasma ferritin concentrations o30 mg/l. We have chosen this cutoff based on an earlier work in Malawi (Semba et al, 2000) . This higher cutoff was shown to be appropriate in a HIV-infected population with elevated concentrations of acute phase proteins. As there is no standard cutoff for elevated plasma IL-6 concentrations, we divided plasma IL-6 into tertiles and made comparisons of the highest two tertiles of IL-6 with the lowest tertile, where tertiles were defined as lowest (o15.0 pg/ml), middle (Z15.0 to o40.0 pg/ml), and highest (Z40.0 pg/ml). Vitamin A deficiency was defined as plasma retinol concentrations o0.70 mmol/l, vitamin E deficiency as plasma a-tocopherol concentrations o11.6 mmol/l, zinc deficiency as plasma zinc concentrations o10.71 mmol/l and selenium deficiency as plasma selenium concentrations o0.89 mmol/l (24). Total plasma carotenoids were defined as the sum of a-carotene, b-carotene, b-cryptoxanthin, lycopene, lutein, and zeaxanthin in mmol/l. Provitamin A carotenoids were defined as the sum of a-carotene, b-carotene, and bcryptoxanthin. Non-provitamin A carotenoids were defined as the sum of lycopene, lutein, and zeaxanthin.
Comparisons of categorical data were made using w 2 tests.
Comparisons between continuous variables were made using univariate analysis of variance. One-way analysis of variance was applied to test for linearity. Appropriate variable transformations were made to reduce skewness of data, such as log 10 transformation for concentrations of erythropoietin, IL-6, retinol, total carotenoids, a-tocopherol, zinc, and HIV load. Geometric means shown for skewed data were applicable. A linear regression model was used to compare the relationship between plasma erythropoietin and Hb concentrations among adults who were in the lowest and two highest tertiles of plasma IL-6, and among adults with and without HIV infection. Univariate and multivariate logistic regression models were fitted with moderate to severe anemia as the outcome variable. Linear regression models were used to validate the associations. A significance level of Po0.05 was used in this study. Statistical analyses were conducted using software packages SAS 8.01 (SAS Institute Cary, NC, USA) and SPSS 9.0 (SPSS, Inc., Chicago, IL, USA). 
Results
The study population consisted of 370 HIV-positive and 130 HIV-negative adults with sputum-positive pulmonary tuberculosis. Among the total study population, 69% (156/227) of male and 78% (214/273) of female participants were HIVpositive. The mean age among HIV-positive and -negative individuals was 34 and 32, respectively (P ¼ 0.05). Mean Hb concentrations among HIV-positive and -negative individuals was 93.8 and 106.6 g/l, respectively (P ¼ 0.0001). Among HIV-positive and -negative adults, the prevalence of anemia was 88.4 and 76.9%, respectively (P ¼ 0.002). Moderate to severe anemia occurred in 30.0% of HIV-positive vs 14.6% of HIV-negative adults (P ¼ 0.001). The majority of subjects were wasted, as 56% of subjects had a BMI o18.5. Geometric mean plasma ferritin concentrations among HIVpositive and -negative adults was 248.6 and 119.4 mg/l, respectively (P ¼ 0.001). Among HIV-positive and -negative adults, iron deficiency, defined as plasma ferritin concentrations o30 mg/l, occurred in 5 and 12%, respectively (P ¼ 0.009). Geometric mean IL-6 concentration was 21.1 pg/ml, with no difference between HIV-positive and -negative subjects. Vitamin A, E, zinc, and selenium concentrations considered consistent with deficiency, occurred in 59, 12, 80, and 88% of all subjects, respectively, with no significant differences between HIV-positive and -negative subjects. Characteristics, such as sex, mean age, BMI, plasma selenium concentrations, and geometric mean plasma ferritin, erythropoietin, IL-6, micronutrient concentrations, and HIV load of HIV-negative and -positive individuals are shown by degree of anemia in Tables 1 and  2 , respectively. Among both HIV-negative and -positive individuals BMI, plasma retinol, provitamin A carotenoids, non-provitamin A carotenoids, total carotenoids, and selenium concentrations decreased by increasing degree of anemia. Plasma ferritin, erythropoietin, IL-6, and the proportion of individuals with vitamin A and selenium deficiency were increased with increasing degree of anemia. In addition, among HIV-positive individuals, educational level was increasingly lower, and the proportion of individuals with BMI o18.5 and plasma HIV load was increasingly higher with increasing degree of anemia.
The relationship between log 10 plasma erythropoietin and Hb concentrations among those in the highest two tertiles vs the lowest tertile of IL-6 was examined. The regression lines were log 10 plasma erythropoietin ¼ 2.18-0.07 * Hb for those in the highest two tertiles of IL-6 and log 10 plasma erythropoietin ¼ 1.88-0.06 * Hb for those in the lowest tertile of IL-6. The slopes of the regression lines between log 10 plasma erythropoietin and hb among adults in the lowest tertile vs the higher two tertiles of IL-6 were not different (P ¼ 0.49). The relationship between log 10 erythropoietin and Hb concentrations was also compared between HIV-positive and -negative adults with pulmonary tuberculosis. The regression lines were log 10 plasma erythropoietin ¼ 2.22-0.08 * Hb for HIV-positive adults and log 10 plasma erythropoietin ¼ 2.15-0.07 * Hb for HIV-negative adults. The slopes of the regression line between log 10 plasma erythropoietin and Hb were not significantly different between HIV-positive and -negative adults with pulmonary tuberculosis (P ¼ 0.36).
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Univariate and multivariate logistic regression models were used to examine the relationship between, age, sex, BMI, plasma ferritin, IL-6, micronutrient concentrations, and HIV load, with moderate to severe anemia (Table 3) . In univariate models, sex, BMI, IL-6, retinol, total carotenoids, selenium, and HIV load were significantly associated with Hemoglobin o120 g/l for females and o130 g/l for males, and Z80 g/l for both sexes. d Hemoglobin o80 g/l for both sexes. Hemoglobin Z80 g/l to o120 g/l for females and Z80 g/l to o130 g/l for males. d Hemoglobin o 80 g/l for both sexes.
e Ferritin, erythropoietin, IL-6, zinc and HIV load was not measured in 1, 2, 1, 1 and 16 HIV-positive subjects, respectively.
Anemia in pulmonary tuberculosis M van Lettow et al moderate to severe anemia. In multivariate logistic analysis, low plasma selenium concentrations and high HIV load were independently associated with moderate to severe anemia. In a final multivariate linear regression model that adjusted for BMI, micronutrient concentrations, sex, and age, log 10 IL-6 (P ¼ 0.03) and log 10 HIV load (P ¼ 0.001) were negatively associated with Hb concentrations, whereas plasma selenium (P ¼ 0.0001) was positively associated with Hb concentrations.
Discussion
This study suggests that there is an association between low selenium concentrations and anemia. The prevalence of anemia is extremely high among adults with pulmonary tuberculosis in Malawi, as 88% of HIV-positive adults and 77% of HIV-negative adults were anemic. In comparison, 60% of malnourished tuberculosis patients with unknown HIV status were anemic in Indonesia (Karyadi et al, 2000) , and 71% of adults co-infected with tuberculosis and HIV were anemic in Uganda (Shah et al, 2001) . The relatively higher prevalence of anemia in Malawi is consistent with the observation that malnutrition and wasting are also higher in this study population compared with other populations of adults with pulmonary tuberculosis (van Lettow et al, 2004) . In this study, we demonstrate an association between selenium deficiency and anemia in adults with pulmonary tuberculosis. Selenium is contained in glutathione peroxidase, an enzyme that plays a major role in protection against free radicals and oxidative stress (Foster, 2004; Kaur & Bansal, 2004) . Dietary selenium markedly increased the activity of plasma glutathione peroxidase in rat erythrocytes. Accordingly, higher concentrations of selenium in rat erythrocytes were considered to be responsible for increased resistance against oxidative stress (Chow & Chen, 1980) . Selenium deficiency may potentially contribute to anemia through increased oxidative stress, but further studies are needed to confirm the association between selenium deficiency and anemia in adults with pulmonary tuberculosis.
It was difficult in this study to assess iron deficiency using plasma ferritin in these subjects, as ferritin is a positive acutephase reactant (Witte, 1991) . Many subjects with pulmonary tuberculosis had evidence of an acute-phase response, as reflected by elevated IL-6 concentrations. Thus, the prevalence of iron deficiency, as measured by plasma ferritin in this study, is probably greatly underestimated. Iron deficiency and iron deficiency anemia are known to be common among women in Malawi (Semba et al, 2000) , and this is consistent with our observation in univariate analysis that women were at higher risk of anemia than men. A limitation of our study is that malaria parasitemia was not assessed in all subjects at enrolment. Malaria is endemic in this study population, but there was no justification from a clinical standpoint at the time of enrolment to perform malaria smears on all patients who were commencing therapy for pulmonary tuberculosis.
Although wasting, as shown by low BMI, was associated with moderate to severe anemia in univariate analyses, this relationship was no longer significant after adjusting for sex, age, plasma HIV load, IL-6, and micronutrient concentrations. Similarly, antioxidant nutrients such as plasma carotenoids, retinol, and a-tocopherol concentrations were associated with moderate to severe anemia in univariate analyses, but these relationships were no longer significant after adjusting for BMI, sex, age, plasma HIV load, IL-6 and micronutrient concentrations. Inflammation, as reflected by IL-6 concentrations, was not associated with moderate to severe anemia in multivariate logistic analysis. However, in multivariate linear regression analysis that adjusted for sex, age, BMI, plasma HIV load, and micronutrient concentrations, IL-6 was associated with Hb concentrations. We may therefore conclude that the anemia of infection does partly account for the anemia found in tuberculosis. There is evidence from Malawi that patients with tuberculosis may have asymptomatic bacteraemia (Peters et al, 2004) .
To our knowledge, this is the first study to characterize the erythropoietin response to anemia among HIV-positive Anemia in pulmonary tuberculosis M van Lettow et al adults with pulmonary tuberculosis. This study shows that the erythropoietin response to anemia was not different between adults with elevated IL-6 and those with lower IL-6 concentrations. One study from South Africa described a blunted response to erythropoietin among adults with pulmonary tuberculosis, when comparing with matched individual with uncomplicated iron deficiency (Ebrahim et al, 1995) . The blunted response was explained by the inhibitory effects of inflammatory cytokines. In the present study, all individuals had relatively high levels of inflammation, which could explain why we did not find any difference between adults with elevated IL-6 and those with lower but still relatively high IL-6 concentrations. Similarly, there were no differences in the erythropoietin response to anemia between HIV-positive and -negative adults with pulmonary tuberculosis. This is in contrast with previous studies that have shown a blunted erythropoietin response to anemia in HIV-positive compared with HIVnegative adults (Spivak et al, 1989; Camocho et al, 1992) . One possible explanation is that both HIV-positive and -negative adults had high levels of inflammation at the time of commencement of tuberculosis chemotherapy in the present study, and that the inflammation associated with tuberculosis and HIV co-infection, rather than HIV seropositivity alone, is the main factor in suppressing the erythropoietin response to anemia.
Anemia might be a secondary effect of a chronic disease such as tuberculosis and its socioeconomic implications that lead to inadequate dietary intake. It is likely that iron and folate deficiencies contribute to the anemia in HIV and tuberculosis, and further studies are needed to gain insight into this issue.
Despite important advances in HIV therapies and treatment of associated infections, the prevalence of anemia does not appear to have changed greatly over the last several years (Volberding, 2000) . Anemia is one of the most common but neglected problems associated with HIV infection (Volberding, 2000) , and the present study shows that the anemia can be especially severe with tuberculosis and HIV co-infection. High mortality is the most important challenge facing tuberculosis programs in sub-Saharan Africa and it is likely that anemia plays an important role in this event. This study shows that there is an association between high HIV load and anemia. Early recognition of HIV through voluntarily counselling and testing and ultimately highly active antiretroviral treatment are important ways towards addressing this problem. A recent study from Uganda showed evidence that cotrimoxazole had stabilizing effects on HIV load and CD4-cell counts (Mermin et al, 2004) . Daily cotrimoxazole prophylaxis was associated with reduced mortality and has been recommended as a basic component of tuberculosis and HIV care throughout Africa (Zachariah et al, 2003; Mermin et al, 2004) . Recombinant erythropoietin therapy has been shown to be effective in treating the anemia associated with HIV infection, however, the cost of the medication alone for a usual 12-week treatment can be US $4000-5000, which is beyond the resources of many in developing countries. Other strategies, such as micronutrient supplementation, are inexpensive strategies that need further evaluation as possible approaches for the anemia associated with pulmonary tuberculosis and HIV infection.
